Introduction
Steroid hormones modulate many physiological events including development, growth, osmoregulation and reproduction in vertebrates. In the teleost ovary, two distinct steroid hormones, estradiol-17β and a maturation-inducing steroid, typically 17α, 20βdihydroxy-4-pregnen-3-one (17α, 20β-DHP), are produced during reproductive cycles.
It has been well documented that estradiol-17β is essential for oocyte growth, mainly hepatic vitellogenin synthesis [1] and that 17α, 20β-DHP plays an important role in final oocyte maturation [2] . Pregnenolone is a sole precursor of all other steroids and is synthesized from cholesterol by the oxidative side-chain cleavage reaction catalyzed by cytochrome P450 side-chain cleavage (P450scc: CYP11A1) [3] . Therefore, P450scc is indispensable in the production both of estradiol-17β and 17α, 20β-DHP in the ovary as well as in the production of other classes of steroid hormones including androgens in the testis and corticosteroids in the adrenal gland of teleosts. Japanese eels (Anguilla japonica) caught from the wild have immature ovaries and further oogenesis is arrested under captive conditions. However, ovarian development can be induced by the administration of salmon pituitary homogenate (SPH) richly including pituitary hormones, such as pituitary glycoprotein hormones, growth hormone etc [4] . Since gonadotropic effects of exogenous hormones can therefore be readily assessed, the Japanese eel would be a suitable model for the study of reproductive physiology in fish ovarian tissue. In fact, SPH strongly enhances the activities of several steroidogenic enzymes [5] , which is attributable in part to up-regulation of the expression of genes encoding these steroidogenic enzymes [6] [7] [8] . P450scc is assumed to be induced Cloning of Eel P450scc cDNAs, Kazeto et al. JSBMB 2005-8967 4 during artificial induction of maturation since the titers of serum sex steroids increase during hormonal treatment [5] .
The cDNA encoding P450scc has been isolated and characterized in several species of mammals and the predominant expression of this gene in both gonadal and adrenal tissues has been well documented [9] [10] [11] [12] . Furthermore, it has been well documented in the mammalian ovary that gene expression of P450scc is mainly modulated by gonadotropins [13, 14] , and insulin-like growth factor-I (IGF-I) [15, 16] .
However, the gene regulation of P450scc has received little attention in fish so far although the cDNAs encoding P450scc of rainbow trout [17] , zebrafish [18] and stingray [19] have been cloned. Furthermore, there are few available reports on extra-gonadal expression of this gene in fish [18, 19] .
In the present study, the cDNA encoding P450scc was cloned from ovarian tissue and characterized. The expression of P450scc, and two other steroidogenic enzymes, 3βhydroxysteroid dehydrogenase (3β-HSD) [20] and P450c17 [6] , both in ovarian and extra-gonadal tissues were also investigated. In addition, as a first step to investigate hormonal regulation of the gene expression of P450scc in fish, changes in transcript abundance of P450scc were examined in the ovary of Japanese eels during sexual development artificially induced by treatment with gonadotropin-rich salmon pituitary homogenate.
Materials and Methods

Animal treatment, tissue collection and RNA extraction
Forty-three eels feminized by estradiol-17β administration [21] were artificially induced with salmon pituitary homogenate (SPH) and ovarian tissues at various developmental stages were collected. Two further eels served as Ringer-injected controls.
The developmental stages of ovaries were classified into pre-, early, mid-, or late vitellogenic stage, or migratory nucleus stage. The detailed procedure of hormonal treatment and the criteria defining the developmental stages of the ovary are described elsewhere [6] . Various tissues (i.e. brain, small intestine, heart, liver, spleen, head kidney, posterior kidney and ovary) were also collected from a female eel with a late vitellogenic Approximately 500,000 phage plaques were screened with the 32 P-labeled eel P450scc cDNA fragment, using a random-primed DNA labeling kit (New England Nuclear, Boston, MA). Positive clones longer than 1.5 kb in length were subcloned into a pBluescript KS + vector and bi-directionally sequenced.
A phylogenic tree of P450scc characterized to date was generated by the neighbor-joining method using the Clustal W and njplot programs [22] . The detailed procedure and conditions for hybridization, and detection of radioactive signals for each transcript are described elsewhere [6] . 
Transient expression of eel P450scc in COS-7 cells
Analysis of the gene expression of P450scc, P450c17 and 3β-HSD by RT-PCR
PCR for amplification of a β-actin cDNA fragment [23] was also performed to confirm the quality and integrity of the RNA from all tissues used. All the sets of primers were designed to generate specific amplicons spanning at least one potential intron-exon boundary in order to eliminate false-positive amplicons arising from any contaminating genomic DNA. Ten μl of the PCR reactions were fractioned on a 2% agarose gel and ethidium bromide staining was carried out to visualize each gene specific cDNA band on the gels.
Statistics
Relative values of P450scc transcript abundance (abundance of P450scc / abundance of β-actin x 1000) were subjected to one-way analysis of variance followed by P450scc to those of the rainbow trout [17] , zebrafish [18] , rat [24] and human [10] forms is shown in Fig. 1 Phylogenetic analysis of P450scc resulted in clear segregation into three groups, one branch containing teleost P450scc, one branch of mammalian P450scc and the stingray form (Fig.2) . Eel P450scc is clustered together with other teleost forms and appears to be significantly diversified from mammalian forms.
Transient expression of eel P450scc in COS-7 cells and its enzymatic activity
COS-7 cells expressing putative recombinant proteins of eel P450scc catalyzed the conversion of 25-hydroxycholesterol into pregnenolone (Table 1) . Approximately 40 % of 25-hydroxycholesterol (10 ng/ml) was converted to pregnenolone by 6 hours after incubation and thereafter, conversion ratios further increased (66 % at 12 hours).
COS-7 cells transfected with pSG5 (mock control) did not show any enzymatic activity
of P450scc.
Gene expression of eel P450scc in the ovary and head kidney
Northern blot analysis using poly (A) + -RNA from ovarian tissues and head kidney from the same fish at the late vitellogenic stage is shown in Fig. 3 . The changes in the gene expression of P450scc in ovarian tissues during artificial induction of maturation by SPH treatment were also examined by Northern blot (Fig. 4) .
The transcript of P450scc was not observed in the ovary at the pre-vitellogenic stage, prior to SPH treatment. However, gene expression of P450scc was significantly stimulated with SPH and the single transcript was detected in the ovary at the early vitellogenic stage after SPH injections. The transcript abundance further increased with ovarian development.
Tissue distribution of the steroidogenic enzyme transcripts
The differential tissue-distribution of the transcripts of three steroidogenic enzymes, P450scc, P450c17 and 3β-HSD in the female Japanese eel is shown in Fig.5 .
Expression of the P450scc gene was detected in steroidogenic tissues, thus ovary and head kidney, whereas ovarian tissue was the sole source of the P450c17 transcript. On the other hand, the transcript of 3β-HSD was observed in all the tissues examined.
Discussion
In this study, cDNAs encoding P450scc were cloned from Japanese eel ovary.
The deduced amino acid sequence of eel P450scc shows high identity to other animal forms especially in two functional domains, the heme-and steroid-binding domains.
Studies using site-directed mutagenesis have shown that four amino acid residues, Lys 423 , Lys 425 , Arg 465 and Arg 466 , are involved in the enzymatic activity of bovine P450scc through interaction with the electron-transfer partner, adrenodoxin [25] [26] [27] . These reports also demonstrated that the bovine P450scc mutant at Arg 466 resulted in complete loss of enzymatic activity although mutation of the two Lys residues showed only a partial decrease in activity. Among these residues, the two Arg are present in all P450scc forms at the corresponding position to the bovine form while the two Lys residues are not well conserved. Furthermore, recombinant eel (Table 1 ) and rainbow tout [17] P450scc expressed in COS cells, in which Lys residues are not completely conserved, showed As expected on the basis of the secondary structure of eel P450scc, phylogenetic analysis clearly clustered eel P450scc together with other teleost forms and showed that teleost P450scc appear to be significantly diverged from mammalian forms. Interestingly, the P450scc of stingray, a primitive vertebrate belonging to the elasmobranch subclass, appears to be evolutionarily highly diversified from both teleost and mammalian forms of P450scc. A similar finding was previously reported for stingray P450aromatase [8] .
Thus the high divergence of steroidogenic enzymes of stingrays compared with other animal forms is likely to be common.
Northern blot analysis clearly showed that there is a single transcript of approximately 3.3 kb in length in both ovary and head kidney (homologous to adrenal tissue). To the best of our knowledge, there is no evidence in any mammalian species that a transcript for P450scc expressed in gonadal tissues is different from that in adrenal tissue. These may suggest that the species of eel P450scc transcript expressed in the gonad is identical to that in the head kidney, like mammals. However, we cannot rule out the possibility that ovary and head kidney express different transcripts that possess different 5'-untranslated regions which are close or identical in size because tissuespecific expression of P450-aromatase, a member of the same gene family that P450scc belongs, is controlled in a variety of tissues by the use of tissue-specific promoters associated with alternatively spliced 5'-untranslated exons [28] . The intensity of the hybridizing signal in head kidney was much greater than that in the ovary even though the amount of head kidney RNA used for analysis was much less than that of ovarian RNA, which suggests that the P450scc gene is more actively transcribed in the head kidney than in the ovary of Japanese eel.
Northern blot analysis revealed that the transcript abundance of ovarian P450scc drastically changed during ovarian development artificially induced by SPH treatment.
P450scc transcripts were not found in ovaries at the pre-vitellogenic stage. After SPH treatment commenced, gene expression was induced in the ovaries at the early vitellogenic stage and thereafter transcript abundance further increased in conjunction with the advance of ovarian development, which has been corroborated by real-time quantitative RT-PCR developed in our laboratory [29] . In the mammalian ovary, gene expression of P450scc is highly stimulated by gonadotropin [13, 14] and IGF-I [15, 16] .
It is likely that in eel ovary gonadotropin(s) controls the P450scc expression because SPH, a gonadotropin-rich source, enhances its transcription. However, IGF-I could also be a potential regulator of the gene expression of eel ovarian P450scc since it has been demonstrated that the pituitary gland expresses IGF-I in both teleosts [30] and mammals [31, 32] . It should be noted that Japanese eel is the first species of teleost in which it has been demonstrated that a hormonal agent regulates P450scc gene expression in the ovary.
Further study on the gene regulation with purified hormonal reagents remains to be conducted to elucidate the detailed hormonal regulation of the steroidogenic enzymes in fish.
RT-PCR analysis demonstrated that the tissue distribution of the transcripts of three steroidogenic enzymes, P450scc, P450scc and 3β-HSD, is distinctly different. The transcript for P450scc was detected in ovary and head kidney while the P450c17 gene was exclusively transcribed in the ovary. In contrast, ubiquitous gene expression of 3β-HSD was seen in the Japanese eel. Even though the RT-PCR result is not strictly quantitative, it is apparent that the P450scc is more highly expressed in the head kidney than in the ovary, which corroborates the result obtained by Northern blot. It was unexpected that head kidney was P450c17 transcript negative because this enzyme is essential for the production of 17α-hydroxylated corticosteroids, typically cortisol in teleosts, that is synthesized in head kidney. However, immunohistochemistry using polyclonal antibodies against eel P450scc and P450c17 recently revealed that proteins of both steroidogenic enzymes were specifically detected in the steroidogenic cells of the head kidney of Japanese eel [33] . Therefore, eel head kidney appears to express P450c17 although the disconnection between the abundance of the transcript and the protein needs to be addressed. In zebrafish, the transcripts of both P450scc [18] and P450c17 [34] were also detected in non-steroidogenic tissues by RT-PCR coupled with Southern blot, although the expression level was much less than that in steroidogenic tissues. This finding suggests that the non-endocrine tissues of Japanese eel potentially express the P450scc and P450c17 gene, however, the transcript abundance is low and below the detectable level of conventional RT-PCR as employed in this study. Multiple forms of 3β-HSD and its expression in a variety of tissues have been demonstrated in mammals, especially in rodents [35, 36] . Therefore, the wide tissue-distribution of the 3β-HSD transcript does not appear to be unique in Japanese eel and 3β-HSD may be involved in reproductive physiology through the regulation of local and/or circulating steroid hormone levels in teleosts, as they are in mammals.
In this study, a cDNA encoding functional P450scc protein was isolated from the 
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